Abstract. The motion of the red blood cells (RBCs) flowing in microvessels and microchannels depend on several effects, such as hematocrit (Hct), geometry, and temperature. According to our knowledge, the effect of the temperature on RBC motion was never investigated at a microscale level. Hence, the aim of the present work is to determine the effect of the temperature on the RBC's trajectories and to investigate the best approximation of the trajectories through a nonlinear optimization. In vitro human blood was pumped through a 100 µm circular microchannel and by using a confocal micro-PTV system the RBC's trajectories were measured at different temperatures, i.e., 25 • C and 37 • C. In this study we measured the motion of forty cells flowing in the middle of the microchannel and applied different functions to approximate its behavior.
INTRODUCTION
Blood is a fluid composed of a suspension of cells, proteins and ions in plasma. In normal blood, three types of cells comprise about 46% of its volume. These cells are the red blood cells (also known as erythrocytes), white blood cells (also known as leukocytes) and platelets (also known as thrombocytes). Figure 1 shows different kinds of human blood cells.
FIGURE 1.
Scanning electron microscope image of human blood cells (adapted from [13] ).
In the microcirculation, the flow behavior of RBCs plays a crucial role in many physiological and pathological phenomena. For example, the random-like transverse motion and rotation of RBCs in shear flow is believed to play an important role in thrombogenesis [3, 10] . As a consequence, many rheological studies have been performed on both microvessels and microchannels to investigate the effect of the hematocrit (Hct), geometry, and temperature on the RBCs flowing behavior [2, 3, 10] . Recently Lima and his colleagues measured the red blood cells (RBCs) radial dispersion (Dyy) in both glass [6, 7] and polydimensiloxane (PDMS) [8] microchannels by using a confocal micro-PTV system. By comparing Lima et al. results with the measurements performed by Goldsmith and his colleagues [3] several quantitative deviations were observed between both experimental results. One possible reason for observed discrepancies may due to the different temperatures used in the two cases, i.e., Lima et al. used body temperatures (37 • C) whereas Goldsmith et al. used room temperatures. Hence, it is important to investigate the effect of the temperature on the RBC motion. The experiments were performed in the middle of 100µm glass capillaries at temperatures of 25 • C and 37 • C, by using a confocal micro-PTV system. In the present study, the trajectories of forty RBCs were measured and different functions were applied with the purpose to find the one that best approximate to its flow behavior.
MATERIALS AND METHODS
In the present study we used Dextran 40 (Dx-40; Otsuka Medicine, Tokyo, Japan) containing 12 ± 2% (12Hct) of human RBCs. The RBCs were labeled with a lipophilic carbocyanime derivative, chloromethylbenzamido (CM-Dil, C-7000, Molecular Probes, Eugene, OR, USA). A detailed description about the procedure for labeling the human RBCs can be found elsewhere [7] . Additionally, we used a 100µm circular borosilicate glass microchannel fabricated by Vitrocom (Mountain Lakes, NJ, USA). The microchannel was mounted on a slide glass with a thickness of 80 ± 20µm and was immersed in glycerol to minimize the refraction from the walls.
The confocal micro-PTV system used in this study consists of an inverted microscope (IX71; Olympus, Japan) combined with a confocal scanning unit (CSU22; Yokogawa, Japan), a diode-pumped solid-state (DPSS) laser (Laser Quantum, UK) with an excitation wavelength of 532nm and a high-speed camera (Phantom v7.1; Vision Research, USA) (see Figure2). The microchannels were placed on the stage of the inverted microscope and by using a syringe pump (KD Scientific, USA) a pressure-driven flow was kept constant (Re ≈ 0.008). Additionally, by using a thermo plate controller (Tokai Hit) it was possible to apply different temperatures to the surrounding environment, i.e., 25 • C ± 1 and 37 • C ± 1. More detailed information about this system can be found elsewhere [4, 5, 7] . The confocal images were captured in middle of the capillary through a dry 40× objective lens at a rate of 100 frames/s. A manual tracking plugin (MTrackJ) [11] of an image analysis software (Image J, NIH) [1] was used to track individual RBC. By using MTrackJ plugin, the bright centroid of the selected RBC was automatically computed through successive images for an interval of time of 10 ms. After obtaining series of x and y positions, data were exported for the determination of each individual RBC trajectory and to analyse the best mathematical function that approximates to the RBCs experimental flow behavior.
In this study it was observed and analyzed forty cells: twenty at temperature 25 • C and other twenty cells at the temperature 37 • C. For each cell i, and using MTrackJ plugin system, we obtain (x j , y j ), j = 1, ..., k i data. In this experiences k i can assume values between 23 and 195. The aim of this work is to obtain a better approximation for the data using nonlinear optimization [12] . For that we consider three different functions (polynomials, sum of trigonometric functions and a sum of exponential functions) defined as:
where p ∈ IR 10 , a ∈ IR 9 , b, c, d, g ∈ IR 8 are the function parameters and the vector x ∈ IR k i , where i represents the cell number. To identify the functions parameters it was used the tool cftool present in Curve Fitting Toolbox from Matlab [9] .
RESULTS AND DISCUSSION
The error of nonlinear least squares approximation of the selected cells are listed in the Table 1 , where Cell refers to the cell number,
2 is the nonlinear least squares approximation error of the function f i (x), with i = 1, 2, 3, Av refers the error average, and s corresponds to the standard deviation of the errors. The results, from Table 1 , indicate that the function f 2 (x, a, b) (sum of trigonometric functions) was the best approximation to the motion of the cells in the microchannel. Only in five cells (three in the with temperature 25 • C and two with the temperature 37 • C) we have obtained a better performance with the function f 3 (x, a, b, c) . This is confirmed by the value of the error average. Another important aspect is the fact that the standard deviation of the errors is small when we use the function f 2 . Two examples of the calculated functions, f 1 , f 2 and f 3 can be observed in the Figure 3 .
The preliminary results, suggest that the movement of RBCs along the microchannel follow a behavior equivalent to the sum of trigonometric functions.
CONCLUSIONS
In this work we measure the motion of RBCs along the middle of a microchannel. The results were approximated by three different types of functions applying nonlinear least squares theory.
The results obtained from this preliminary study, indicates that the function that has a better approximation to the data is based on trigonometric functions. In future work we will consider different type of functions and a bigger amount of cells with different temperatures and Hcts. An on going study to obtain more detailed quantitative measurements of the blood flow behavior through a glass microchannel is currently under way.
